Abstract. A γ-ray spectrometer with fast-timing capabilities, constructed of LaBr 3 (Ce:5%) detectors, is under development for use at the future Facility for Anti-proton and Ion Research (FAIR). The physics aims of this device are to measure the half-lives of excited states in the region of ∼50 ps to several ns, in exotic nuclei. Monte-Carlo simulations using the GEANT4 software package have determined the final design of this fasttiming array by calculating the full-energy peak efficiencies of several different detector geometries. The results of the simulated efficiencies for each configuration were used to calculate the timing precision. Consequently, an array of thirty six, ø3.8x5.1 cm cylindrical crystals was found to be the optimum configuration. The detectors were purchased and subsequently characterised, with each detector found to have intrinsic energy and timing resolutions of ∼ 2.8 % (FWHM) and ∼ 210 ps (FWHM) for the 1173 and 1332 keV decays from 60 Co.
Motivation
The development of a new Facility for Anti-proton and Ion Research (FAIR) [1] will include a new synchrotron and in-flight separator (Super-FRS) [2] capable of delivering a large number of high intensity, rare isotope beams. In order to exploit these beams, the Nuclear Structure, Astrophysics and Reactions international collaboration (NuS-TAR), was established to develop and equip this new stateof-the-art facility with nine experimental setups. One such setup focuses on the DEcay SPECtroscopy of very shortlived nuclei at the extremes of existence [3, 4] , where the combination of a high primary beam intensity and the Super-FRS will allow nuclei along the r-process path in neutron-rich nuclei to be studied. It is planned that a highefficiency γ-ray spectrometer of LaBr 3 (Ce) crystals will be used in a 'stopped beam' setup to measure half-lives of excited states in the region of 50 ps to 10 ns by taking the time difference between the γ rays feeding and de-exciting the level of interest using γγ coincidences [5] . This modular fast-timing array will work alongside charged particle [6] and (in cases with β-delayed emission of neutrons [7] ), neutron detector arrays [8] .
The Simulated Efficiency
In order to fulfil its use as an efficient spectrometer, the fast-timing array needs to subtend as much of the solid a e-mail: O.J.Roberts@brighton.ac.uk angle as possible with a crystal depth that is capable of detecting γ-ray photons up to ∼4 MeV (the energy expected to be emitted by magic or semi-magic nuclei e.g. [9] ), with reasonable efficiency.
Cylindrical crystals with dimensions; ø2.5x2.5 cm, ø3.8x3.8 cm, ø3.8x5.1 cm and ø5.1x5.1 cm were considered and compared with the 'hybrid' and conical crystals, two novel geometrical designs that have been shown to reduce the time spread associated with the scintillation collection process [10] . The 'hybrid' detector is defined as a truncated cone attached to a ø3.8 cm cylinder, with a total length of 4.7 cm. The conical crystals have front and back window diameters of 2.5 and 3.8 cm respectively, and a length of 3.8 cm.
The array will be used alongside the Advanced Implantation Detector Array (AIDA) [6] to make implantdecay correlations. AIDA consists of a stack of 20, 8x8 cm double-sided silicon strip detectors (DSSDs), of 0.1 cm thickness with 0.1 cm between each detector. Monte-Carlo simulations using the simulation package GEANT4 [11] , were used to determine the full-energy peak (FEP) efficiencies of the fast-timing array and treated the AIDA implantation point (the centre of the 10 th DSSD), as a point source which emitted 10 6 γ-ray events with energies from 100 to 4000 keV. The aluminium can of AIDA, which has dimensions of 10x10x50 cm and thickness of 0.2 cm, was also included. The minimum radius for which an integer number of each detector type could be tiled in a ring around AIDA [6] 
AIDA is presented in column one of Table 1 , along with their typical timing resolutions at full-width half maximum (FWHM) in the middle two columns.
Timing Precisions
The FEP efficiencies for one ring of each of the proposed detector types were simulated, and the ring of 13 'hybrid' crystals was found to have the highest efficiency for E γ ≥200 keV. The ø5.1x5.1 cm crystals when tiled around the implantation point have more dead space between each detector than the 'hybrid' detectors due to the lack of truncation at the front of the crystals, resulting in a lower efficiency for E γ ≥200 keV. For E γ ≤200 keV, the 'hybrid' crystals have an efficiency comparable to that of the ø3.8x5.1 cm crystals due to the small diameter at the front of each crystal. A ring of eight ø3.8x5.1 cm crystals has the third highest FEP efficiency (∼5 % for E γ =500 keV). The FEP efficiencies of the ø2.5x2.5 cm and conical crystals were lower than the other simulated configurations. The precision of a half-life measurement depends on the level of statistics and the timing resolution of the setup. A coincidence timing precision can be calculated using the efficiency and timing response of coincident detectors, defined to be the timing response (FWHM) divided by the square root of the total number of counts in the time peak [16] .
The coincidence timing precisions are shown in the last two columns of Table 1 and were calculated using the timing resolutions shown in the same table for 511 and 1332 keV γ-rays, along with the simulated FEP efficiencies of a ring of each detector type. At this stage, the timing resolutions of the ø3.8x5.1 cm detectors were interpolated from the known timing resolutions of the ø3.8x3.8 cm and ø5.1x5.1 cm detectors. The largest crystals (ø5.1x5.1 cm and ø3.8x5.1 cm) were found to have a timing precision a factor of two and three times better than the ø2.5x2.5 cm crystals at energies of 511 and 1332 keV respectively. However the ø3.8x5.1 cm crystals were preferred in order to maintain the required need of a modular array. The coincidence timing precision for the 'hybrid' crystals was not calculated as no timing information for these detectors is available in literature. However, the timing resolution a 'hybrid' crystal must have in order for a ring of these crystals to have the same precision as a ring of ø3.8x5.1 cm cylindrical crystals in coincidence mode was calculated. For γ-ray energies of 511 and 1332 keV this was found to be 910 and 660 ps respectively. The ø3.8x5.1 cm and 'hybrid' crystals were therefore selected to be tiled into various full array configurations.
The Full Array Configuration
Two detector configurations around the AIDA implantation point were simulated; a cross configuration with additional crystals at 45
• and a 'ball' setup. Multiplicity one γ-rays with energies up to 4 MeV were simulated in order to determine the FEP efficiencies. The left panel of Figure 1 shows that for both configurations, the 'hybrid' detector array has a higher FEP efficiency than an array of ø3.8x5.1 cm cylindrical crystals. When the 'hybrid' crystals are tiled into an array they cover more of the solid angle and are closer to the implantation point than the ø3.8x5.1 cm crystals, due to the tapering of the front of the crystals. However, the intrinsic energy and timing resolutions of this novel detector have not yet been sufficiently well characterised in order to make an informed decision. Therefore, the ø3.8x5.1 cm cylindrical crystals were chosen and are shown in a cross configuration with additional crystals at 45
• in the right panel of Figure 1 .
Characterisation of the LaBr (Ce) detectors
The results of the simulations and calculations from the previous sections resulted in the decision to purchase the ø3.8x5.1 cm detectors. Thirty one, ø3.8x5.1 cm LaBr 3 (Ce) detectors were bought and characterised. Each crystal was coupled to a modified H10570 Hamamatsu PMT with optical grease from Midland Silicones Ltd. (MS 200, viscosity 10000). The energy signal was taken from the last dynode of the 8 stage PMT. The signals were found to be very fast and therefore the output impedance on the last dynode had to be changed from 51 Ω to 1000 Ω on all the PMTs, effectively increasing their integration times. This allowed the signals to be processed more effectively with analogue electronics. From the last dynode, the energy signal was then sent to a multi-channel analyser (ORTEC 01018-p.2 138 La and 227 Ac. The peak at 1473 keV is a result of electron capture by 138 La, and is shifted by 37 keV due to coincident X-rays. The peaks at energies above ∼1.7 MeV correspond to the quenched alpha energies from the decay of 227 Ac. Right panel: A TAC spectrum with the thresholds adjusted so that the coincident 1173 and 1332 keV transitions in 60 Co correspond to the start and stop channels respectively. Based on this measurement, the intrinsic timing resolution of the ø3.8x5.1 cm detectors was found to be ∼210 ps (FWHM). EasyMCA) after amplification in an ORTEC 572 module. Several calibration sources were used to measure the energy resolution, which was determined to be ∼ 3.3 % and ∼2.8 % FWHM at energies of 662 and 1332 keV respectively.
The left panel of Figure 2 shows the self-activity in a single LaBr 3 (Ce) detector due to 138 La, a naturally occurring radioisotope with 0.09 % abundance and a half-life of 1.02x10 11 years. This radioisotope undergoes electron capture (65.6 %) and β − -decay (34.4 %), populating states in 138 Ba and 138 Ce respectively [17] . There is also contamination from the α-decay of 227 Ac, which manifests itself as multiple peaks at energies above 1.7 MeV. Although the α particles have energies in the range of 4-6 MeV, they appear in the 1.7-2.3 MeV [18] range in the γ-ray spectrum due to the quenching of their light signal by 65% [19] . The counting rate for the total self-activity shown in the left panel of Figure 2 was found to be ∼5 
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The timing signal was taken from the anode. The 'start' and 'stop' timing signals were sent via a quad CFD (ORTEC 935) to an ORTEC 567 time-to-amplitude converter (TAC), which had a range of 50 ns. An artificial delay of 1.2 ns was added to the 'stop' part of the timing setup. The resulting TAC signal was then sent to an MCA which recorded the signal in 'coincidence-mode'. After calibrating the TAC spectrum, intrinsic timing resolutions of ∼210 ps (FWHM) was determined for the coincident 1173 and 1332 keV γ rays from the decay of 60 Co, and ∼400 ps for coincident 511 keV γ rays in 22 Na. These intrinsic timing resolutions have been included in Table 1 and show they are slightly better than the interpolated values. The TAC spectrum of the timing resolution at 60 Co energies is shown in the right panel of Figure 2 .
Conclusions and Outlook
The GEANT4 package was used to carry out Monte-Carlo simulations for a variety of shapes and sizes of LaBr 3 (Ce) crystals. The timing resolutions of each crystal type were combined with the efficiencies obtained from the GEANT4 simulations to derive an energy-dependent timing precision, resulting in the ø2.5x2.5 cm, ø3.8x3.8 cm and conical crystal types being omitted from further study. As the ø5.1x5.1 cm and ø3.8x5.1 cm crystals had similar precisions, the slightly smaller ø3.8x5.1 cm crystals were preferred over the ø5.1x5.1 cm crystals. Coincidence timing precision calculations were also used to determine the timing resolution a 'hybrid' crystal would need to have in order for a ring to have the same precision as a ring of ø3.8x5.1 cm crystals. For coincident 511 keV γ-rays this was found to be approximately 900 ps.
The two remaining detector types ('hybrid' and ø3.8x5.1 cm cylindrical crystals), were then tiled into different configurations of the full array. Their simulated FEP efficiencies were then compared. The uncertainty in the timing response and energy resolution of the 'hybrid' detectors resulted in the purchase of the ø3.8x5.1 cm cylindrical detectors. These detectors were measured to have an intrinsic energy resolution of 2.8 % (FWHM) at 1332 keV, and an intrinsic timing resolution of ∼210 ps (FWHM) for the 'prompt' (T 1/2 =0.9±0.3 ps [20] ) 1332 keV, 2 + level, populated in 60 Ni due to the β − -decay from 60 Co. Future work will focus on the effect a distributed source of γ-rays from the implantation point will have on the timing precision that can be obtained.
